The research described here was aimed at the selection of oral bacteria that displayed properties compatible with their potential use as probiotics for the pharyngeal mucosa. We included in the study 56 bacteria newly isolated from the pharynges of healthy donors, which were identified at the intraspecies level and characterized in vitro for their probiotic potential. The experiments led us to select two potential probiotic bacterial strains (Streptococcus salivarius RS1 and ST3) and to compare them with the prototype oral probiotic S. salivarius strain K12. All three strains efficiently bound to FaDu human epithelial pharyngeal cells and thereby antagonized Streptococcus pyogenes adhesion and growth. All were sensitive to a variety of antibiotics routinely used for the control of upper respiratory tract infections. Immunological in vitro testing on a FaDu layer revealed different responses to RS1, ST3, and K12. RS1 and ST3 modulated NF-B activation and biased proinflammatory cytokines at baseline and after interleukin-1␤ (IL-1␤) induction. In conclusion, we suggest that the selected commensal streptococci represent potential pharyngeal probiotic candidates. They could display a good degree of adaptation to the host and possess potential immunomodulatory and anti-inflammatory properties.
Metagenomics and functional molecular immunology substantiate the interpretation of humans as holobionts, in the sense of functional superorganisms, combining the self and microbes acting in concert to produce phenomena governed by the collective (25, 42) . The association between host and symbionts affects the fitness of the holobiont within its environment, and it often governs the physiological homeostasis of the narrow balance between host well being and dysfunction (13, 35) .
The mechanisms underlying the cross talk between a human host and microbes are only marginally understood. Their elucidation at a molecular level could supply the theoretical bases to develop strategies for preventing or treating several human dysfunctions, such as autoimmune diseases, through the reconstitution of a proper human-microbe mutualism.
The probiotic approach, in its widest sense, falls into this context, since it consists of the modification of a human microbiota by exogenous administration of microbial cells (or cell components), aimed at benefiting the host's health. A most commonly accepted definition comes from FAO/WHO, which states that probiotics are "live microorganisms which when administered in adequate amounts confer a health benefit on the host" (17) .
So far, probiotics have been most predominantly investigated for and applied to the intestinal tract. Nevertheless, a few applications beyond the gut have proposed the potential beneficial role of probiotics for the stomach (23) , vaginal mucosa (36) , urinary tract (6) , skin (27) , and oral cavity (39) . With respect to oral probiotics, particularly noticeable are the studies done by J. R. Tagg and coworkers of Streptococcus salivarius strain K12. Tagg and others, in fact, showed that, following oral administration, the bacterial strain K12 can colonize the oral mucosae of infants and adults (20, 34) , downregulate the innate immune responses of human epithelial cells (11) , and reduce oral volatile sulfur compound levels (8) . Strain K12 was also revealed to produce two plasmid-encoded lantibiotic peptides (22, 38) that are active against Streptococcus pyogenes, the main etiological agent of bacterial pharyngitis. These investigations demonstrated the potential effectiveness of the probiotic intervention in the oropharyngeal tract.
Encouraged by the promising results obtained in J. R. Tagg's experiments, in the present study, we screened oral bacteria for their potential use as probiotics in the pharyngeal mucosa. We tested the ability of bacteria, which were newly isolated from the pharynges of healthy volunteers, to adhere to a human pharyngeal cell layer and to antagonize S. pyogenes on two different epithelial cell lines. The study allowed the selection of two bacterial strains, which were further investigated from an immunological point of view for their ability to cross talk with human epithelial cells in vitro.
MATERIALS AND METHODS
Isolation of bacteria from pharyngeal mucosa, bacterial strains, and culture conditions. To isolate bacteria from the pharynx, specimens were collected using polyester fiber-tipped applicator swabs (VWR, Milan, Italy) taken from 4 healthy donors (3 females at 58, 32, and 29 years old, and a 32-year-old male). After serial dilutions in 0.1% peptonized saline, specimens were plated on MRS agar (Fluka Feinchemikalien GmbH, Neu-Ulm, Germany) supplemented with 0.05% cysteine-HCl (cMRS), M17 (Fluka Feinchemikalien GmbH) containing 2% lactose (LM17), and 2% glucose-tryptic soy agar (Difco, Detroit, MI). All 56 colonies grown at the highest dilutions were picked and spread on a plate with a loop. This procedure was repeated at least four times in order to obtain pure cultures. Table 1 lists the oral bacterial isolates used in this study. If not differ-ently specified, oral streptococci and Streptococcus thermophilus DSM20617 T were routinely grown overnight at 37°C in LM17, while Streptococcus pyogenes was grown overnight at 37°C in brain heart infusion (BHI) medium (Difco, Detroit, MI) supplemented with 0.3% yeast extract (yeBHI). S. pyogenes C11 has been clinically isolated from a pharyngitis patient and has been ascribed to emm type 77 through emm gene sequence analysis (data not shown).
Identification and molecular characterization of bacterial isolates. The isolates from each subject have been clustered by means of a BOX-PCR assay (Table 1) , which was performed with the primer BoxA1 (5Ј-CTACGGCAAGG CGACGCTGACG-3Ј).
The 16S rRNA gene was amplified from at least one representative isolate from each BOX genotypic group (Table 1) by PCR, using primers P0 (5Ј-GAA GAGTTTGATCCTGGCTCAG-3Ј) and P6 (5Ј-CTACGGCTACCTTGTTACG A-3Ј). The resulting amplicons (each about 1.5 kb long) were then completely sequenced. Streptococcus salivarius isolates were further characterized by random amplified polymorphic DNA (RAPD) analysis, performed with primers OPI17 (5Ј-CGAGGGTGGTGATC-3Ј), OPI02-mod (5Ј-GCTCGGAGGAGAG G-3Ј), M13 (5Ј-GTAAAACGACGGCCAGT-3Ј), and PedAF (5Ј-ATACTACG GTAATGGGGT-3Ј).
A similarity dendrogram was built using NTSYSpc version 2.01 (Applied Biostatistics Inc., NY).
In vitro cultivation of epithelial cell lines. FaDu (human pharynx carcinoma cell line; ATCC HTB-43) and HaCaT (human keratinocytes from a spontaneous immortalized, nontumorigenic cell line) cells were routinely grown in 24-well tissue culture plates in Dulbecco's modified Eagle's medium (DMEM), supplemented with 10% (vol/vol) heat-inactivated fetal calf serum (30 min at 56°C), 100 U ml Ϫ1 penicillin, 100 g ml Ϫ1 streptomycin, 0.1 mM nonessential amino acids, 2 mM L-glutamine and incubated at 37°C in a water-jacketed incubator in an atmosphere of 95% air and 5% carbon dioxide, until a confluent monolayer was formed.
Bacterial adhesion to the FaDu cell layer. FaDu cells were grown in 3-cm petri plates on microscope cover glasses as described above. Cell monolayers were carefully washed with phosphate-buffered saline (PBS; pH 7.3) before bacterial cells were added. The bacterial cell concentration of an overnight culture was determined microscopically with a Neubauer-improved counting chamber (Marienfeld GmbH, Lauda-Königshofen, Germany). Approximately 2 ϫ 10 8 cells of each strain resuspended in PBS (pH 7.3) were incubated with a monolayer of FaDu cells. After 1 h at 37°C, all monolayers were washed three times ). The bacterial cell concentration was determined from an overnight culture microscopically by means of a Neubauer-improved counting chamber (Marienfeld GmbH). After incubation, FaDu layers were quickly washed twice with 1 ml PBS (pH 7.3), and D-luciferin (Sigma-Aldrich, Steinheim, Germany) was added at the concentration of 12.5 M in citrate buffer, pH 5. Immediately, the luminescence signal was measured with a Victor 3 luminometer (PerkinElmer, Monza, Italy). Each tester strain was analyzed in triplicate with at least two independent experiments. An unpaired Student's t test was performed to find statistically significant differences.
Antibacterial activity against Streptococcus pyogenes and PCR detection of bacteriocin-encoding genes. In the first set of experiments, tester bacterial strains were spread with a loop on an agar plate containing LM17 medium and incubated overnight at 37°C. Then, 15 ml of soft yeBHI agar containing about 10 6 cells of the indicator strain (S. pyogenes C11) was poured over the plates. The plates were checked for inhibition zones after incubation at 37°C for 24 and 48 h. The production of antimicrobial substances was also tested through disk diffusion. Briefly, tester strains were grown until stationary growth phase in LM17 medium. Culture supernatants were neutralized to pH 7, filter sterilized, and spotted (0.1 ml) on a filter paper disk, which was previously placed on yeBHI soft agar plates inoculated with about 10 6 S. pyogenes cells. The presence of an inhibition halo was checked after 24 and 48 h.
The PCRs used to detect previously characterized bacteriocin structural genes (salivaricin A, salivaricin B, streptin, and peptide SA-FF22) were performed as described by Wescombe et al. (41) .
Stimulation of FaDu monolayers and enzyme-linked immunosorbent assay (ELISA) measurement of cytokine production. Human pharyngeal carcinoma cells (FaDu) were seeded into 24-well plates and grown, as previously described. Bacterial cells were added to monolayers of FaDu cells in 0.5 ml of fresh antibiotic-free Eagle's minimum essential medium (EMEM) containing 100 mM HEPES (pH 7.4) and incubated overnight at 37°C. Each bacterial strain was used at a multiplicity of infection (MOI) of about 1,000, while EMEM/HEPES medium without bacterial cells was used as a control. After overnight incubation, the supernatants were collected by pipetting, centrifuged to remove cells, and kept at Ϫ80°C. The same experiment was also performed by incubating bacteria and FaDu cells in the presence of 2 ng ml Ϫ1 of interleukin-1␤ (IL-1␤). ; IL-17, 0.5 pg ml
Ϫ1
; granulocyte colony-stimulating factor (G-CSF), 0.2 pg ml
; granulocyte-macrophage colony-stimulating factor (GM-CSF), 1.1 pg ml
; gamma interferon (IFN-␥), 2.6 pg ml
; monocyte chemotactic protein 1 (MCP-1), 0.8 pg ml
; macrophage inflammatory protein 1␤ (MIP-1␤), 0.6 pg ml
; and tumor necrosis factor alpha (TNF-␣), 0.6 pg ml
.
Construction of stable NF-B reporting FaDu cells. Stable transfectants of the
FaDu cell line were obtained after transfection with the plasmid pNiFty2-Luc (InvivoGen, Rho, Italy). This plasmid combines five NF-B sites with the insect luciferase reporter gene luc. The presence of active NF-B molecules in the cell activates the promoter, resulting in the expression of the luciferase gene. Transfection was performed by means of the StoS transfection kit (GeneSpin, Milan, Italy), in accordance with the manufacturer's protocol. Afterward, cells were resuspended in fresh DMEM, seeded in 24-well plates, and incubated for 48 h, in order to obtain the expression of the antibiotic resistance. Finally, stable recombinant clones were selected by adding into the culture medium 50 g ml
Ϫ1
of zeocin (InvivoGen, Rho, Italy).
Study of NF-B activation. Recombinant FaDu cells were cultured using the same protocol as that used for nontransfected FaDu cells, in the presence of 50 g ml Ϫ1 of zeocin. After growth, the FaDu layer was detached by trypsinization, and cells were resuspended in DMEM at a concentration of 250,000 cells ml , was added to 450 l of a FaDu suspension, resulting in MOIs of about 1,000, 100, or 10, respectively. After incubation at 37°C for 4 h, samples were kept in ice and sonicated at maximum frequency for 5 s (Bandelin sonicator; Bandelin electronic GmbH & Co., Berlin, Germany). Bacterial cells and insoluble particles were removed by centrifugation, and the supernatants were transferred into a new tube. At this point, 100 l of supernatants was aliquoted in duplicate into the wells of a 96-well white microtiter plate (PerkinElmer, Monza, Italy); then, 12.5 l of a 10 mM ATP solution and 12.5 l of 0.1 mM D-luciferin were added, and the emitted bioluminescence was immediately recorded every 90 s with a Victor 3 luminometer (PerkinElmer). The maximum of the light production curve was considered for comparison of the results. In a different set of experiments, recombinant FaDu cells were simultaneously stimulated with IL-1␤ (2 ng ml
). In the setup of the experiment, we confirmed that IL-1␤ was not modified or digested by bacteria during the incubation step (data not shown). All strains were analyzed in duplicate in at least three independent experiments per each single MOI. An unpaired Student's t test was performed to find statistically significant differences.
Antibiotic susceptibility of selected bacteria. The inhibitory concentrations of several antimicrobial agents were determined, according to conventional broth microdilution protocols, in commercial 96-well microtiter plates for the following concentration ranges: ampicillin, chloramphenicol, erythromycin, oxytetracycline, and vancomycin, 1 to 16 g ml
; gentamicin, 8 to 64 g ml
; and kanamycin and streptomycin, 16 to 128 g ml
. The following three different liquid media were used in this experiment: LM17, MRS, and BHI.
Determination of urease activity and PCR detection of the ureC gene. Urease activity was tested by evaluating the release of ammonia by means of the phenol red assay, as described in the literature (28) .
The amplification of the gene coding for the main subunit of the urease complex (ureC) was carried out as previously described (31), using primers ureIAf (5Ј-GGAATTGTAACAGCTTGGAT-3Ј) and ureCr (5Ј-GTCGTATGG ATTGGTTCACA-3Ј).
RESULTS
Isolation and characterization of bacteria from pharyngeal mucosa. A total of 56 isolates were obtained from pharyngeal swab samples taken from four healthy donors by using three different culture media (Table 1) . After a preliminary grouping of all isolated bacteria through BOX-PCR fingerprinting (data not shown), 16S rRNA genes sequence analysis revealed that 39 of the isolates belonged to the Streptococcus genus. Streptococcus salivarius was the most represented species (28 isolates). We also isolated Streptococcus oralis (6 isolates) and Streptococcus infantis (2 isolates), which were distinguished by glucose-6-phosphate dehydrogenase gene (gdh) sequence analysis (5) . The only species isolated from all four pharyngeal samples were S. salivarius and Rothia mucilaginosa (7 isolates). All the other bacteria are listed in Table 1 .
Streptococcus salivarius isolates were further characterized at the intraspecies level by means of BOX-PCR and RAPD-PCR analyses (data not shown). A computer evaluation of similarities and clustering resulted in a total of 11 unique S. salivarius genotypes out of 28 pharyngeal isolates and the K12 commercial probiotic strain (Fig. 1) . The isolates that were included in a single genotypic group originated from the same pharyngeal sample, suggesting that they were probably multiple isolates.
Several oral isolates adhere efficiently to the FaDu epithelial layer. Twenty-three bacterial strains were tested for their ability to adhere to the FaDu epithelial cell layer. We studied 13 S. salivarius strains, including at least one representative isolate from each genotypic cluster and the commercial probiotic strain K12. We also included 10 other pharyngeal isolates that were arbitrarily selected. After being extensively washed with PBS, a significant proportion of cells from many bacterial strains remained attached to the FaDu monolayer, providing evidence that the adhesion was not only nonspecific physical entrapment. In particular, the following three strains displayed strong adhesive phenotypes, coinciding with an adhesion index (ADI; bacterial cells per 100 FaDu cells) of more than 2,500 ( Fig. 2) : Lactococcus lactis subsp. lactis RS5, S. salivarius K12, and S. salivarius ST3. Good adhesive ability was also displayed by nine other strains (ADI between 2,500 and 500), all belonging to the species S. salivarius.
The antagonistic activity against Streptococcus pyogenes on human epithelial cell lines is strain dependent. All the oral S. salivarius strains studied in the adhesion assay, together with the other bacteria displaying a significant adhesion on the FaDu cell layer (Fig. 2) , were investigated with a three-component system consisting of the epithelial cell layer, the S. pyogenes C11 LucFF indicator bioluminescent strain, and the tester bacterium. In this experiment, we measured the reduction of bioluminescence produced by S. pyogenes C11
LucFF as an indication of the antagonistic activity exerted by the tester strains.
Antagonism through exclusion was tested on the layers of two different human epithelial cell lines, FaDu and HaCaT. The results showed that antagonistic exclusion against S. pyogenes C11
LucFF was generally stronger on FaDu hypopharyngeal carcinoma cells than HaCaT keratinocytes. The results also demonstrated that the exclusion activity is strain specific, since significant differences were also observed among strains of the same species. 
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We found a correlation between the results obtained with the two cell lines. In fact, with only a few exceptions, those strains that significantly reduced the light production in HaCaT cells also did so in the FaDu cell layer. Particularly, the following two strains were the most active in both cell lines: S. salivarius ST3 (with average reductions of bioluminescence of 40% in FaDu and 24% in HaCaT) and S. salivarius RS1 (Ϫ33% in FaDu and Ϫ25% in HaCaT) (Fig. 3) . Their activity was significantly stronger than that of the S. salivarius K12 reference oral probiotic strain. Therefore, strains RS1 and ST3 were selected and included in all of the following experiments.
The antagonism by competition was tested only on the FaDu cell layer for the two previously selected strains (S. salivarius ST3 and RS1), the reference oral probiotic K12, and four other strains (S. salivarius RS13, S. oralis ST4 and ST5p, and S. sanguinis ST5g), which were selected in order to have at least one representative strain for each of the four typologies of bacterial adhesion on the FaDu layer (Fig. 2) . In this experiment, all tested strains markedly inhibited S. pyogenes bioluminescence, with particular evidence for S. salivarius strains (ϳ80% reduction) (Fig. 4) . We also noticed a partial dependence of competition on adhesion ability. The antagonism efficacy was in fact slightly weaker for poorly adhesive strains (e.g., ST5p and ST5g) than strongly adhesive bacteria (e.g., K12 and ST3; P values of Ͻ0.001, according to an unpaired Student's t test) (Fig. 4) .
Inhibition of S. pyogenes and PCR detection of bacteriocinencoding genes.
After 24 h of incubation at 37°C, we observed clear inhibition zones corresponding to the colonies of the tester strains K12, RS1, and ST3 (data not shown). On the contrary, when cell-free neutralized broths were used in disk diffusion tests, inhibition zones were observed only for the reference strain S. salivarius K12. Accordingly, PCR experiments suggested that strains RS1 and ST3 could not possess bacteriocin genes, while strain K12 gave a positive signal for two lantibiotics, salivaricins A and B (data not shown), which are known to be carried by strain K12 on a 190-kb transmissible plasmid (22) . In contrast, strains RS1 and ST3 are plasmidfree strains (G. Ricci, personal communication). Therefore, it appears plausible that the pharyngeal isolates ST3 and RS1 inhibited the growth of S. pyogenes in the plate probably simply due to their acid production.
S. salivarius K12, RS1, and ST3 drive different immune responses in vitro. Overnight incubation of a FaDu monolayer with selected bacteria resulted in the modulation of cytokine production profiles, as determined by the Bio-Plex human cytokine 17-plex array system (Bio-Rad) ( Table 2 and Fig. 5 ). Under baseline conditions, the oral isolate S. salivarius RS1 nearly eliminated IL-1␤ secretion and reduced IL-6 and TNF-␣ in the FaDu supernatant from 78.1 to 42.0 pg ml Ϫ1 and from 1.9 to 0.6 pg ml Ϫ1 , respectively. Similarly, S. salivarius ST3 eliminated the secretion of IL-1␤ and TNF-␣ but, in addition, enhanced the production of IL-8 (from 1,721 to 2,331 pg ml Ϫ1 ), GM-CSF (from 0.2 to 1.9 pg ml Ϫ1 ), and MIP-1␤ (from 0.9 to 3.2 pg ml Ϫ1 ). The commercial oral probiotic Streptococcus salivarius K12 decreased IL-6 and IL-8 at levels greater than those of the other two streptococci (from 78.1 to 24.2 pg ml Ϫ1 and from 1,721 to 579 pg ml Ϫ1 , respectively). Furthermore, strain K12 induced a reduction of the secretion of TNF-␣ (from 1.9 to 0.9 pg ml Ϫ1 ) and G-CSF (from 3.5 to 1.7 pg ml Ϫ1 ) and increased GM-CSF (from 0.2 to 1.6 pg ml Ϫ1 ) ( Table 2 and Fig. 5A ).
When the FaDu layer was stimulated with 2 ng ml Ϫ1 of the proinflammatory cytokine IL-1␤, all strains tested noticeably reduced the concentrations of IL-6 and IL-8 in the FaDu culture supernatant. To be specific, strains K12, RS1, and ST3 reduced IL-6 from 121.5 to 73.7, 65.2, and 86.7 pg ml Ϫ1 , respectively, and IL-8 from 3,353 to 2,043, 2,464, and 2,261 pg ml Ϫ1 , respectively. Furthermore, S. salivarius RS1 induced a reduction of IFN-␥ secretion from 20.3 to 13.5 pg ml Ϫ1 (Table  2 and Fig. 5B ).
To further explore the immunomodulatory properties of selected oral bacteria, we tested the effect of the microorganisms on NF-B activation using a recombinant cell line, obtained by transfecting FaDu cells with a luciferase reporter vector inducible by NF-B. In FaDu cells, strains RS1 and ST3 showed at baseline a stimulatory effect on NF-B-dependent production of bioluminescence. NF-B activation was particularly evident for strain ST3, which doubled the bioluminescence produced by FaDu cells when we employed an MOI of about 1,000. In contrast, S. salivarius K12 did not significantly affect NF-B at baseline (Fig. 6A) .
In the series of experiments which followed, the effect of bacterial strains on NF-B activation was assessed during stimulation of FaDu cells with the proinflammatory cytokine IL-1␤. The addition of 2 ng ml Ϫ1 of IL-1␤ to FaDu culture medium caused an almost 2-fold increase in NF-B activity after 4 h of incubation. The IL-1␤-dependent increase in bioluminescence was partially inhibited only at the highest MOI tested (1,000) by S. salivarius strains K12 (Ϫ38%), RS1 (Ϫ34.5%), and ST3 (Ϫ29.2%) (Fig. 6B) .
Safety assessment of selected bacteria by antibiotic susceptibility testing. We studied the antibiotic resistance of S. salivarius K12, RS1, and ST3 with reference to the European Food Safety Authority (EFSA) breakpoints for Streptococcus thermophilus (16), because S. salivarius is phylogenetically close to S. thermophilus. Bacterial strains were found to be sensitive to ampicillin, chloramphenicol, erythromycin, oxytetracycline, and vancomycin. A variable resistance was observed with the aminoglycoside antibiotics (gentamicin, kanamycin, and streptomycin), depending on the strain and the growth medium. All strains were assessed to be resistant to kanamycin, with the only exception being S. salivarius ST3 grown in LM17 medium (Table 3) . Strain K12 was resistant to gentamicin in LM17 medium and to streptomycin in BHI medium. Strain RS1 displayed resistance to gentamicin in LM17 and MRS media and to streptomycin in BHI and LM17 media. Finally, S. salivarius ST3 was resistant to gentamicin in MRS medium and to streptomycin in BHI and MRS media (Table 3) .
ST3 is a natural urease-negative S. salivarius strain. The potential safety of selected S. salivarius isolates was also tested, considering their ability to hydrolyze urea. S. salivarius K12 and RS1 were markedly urealytic when grown in a medium containing nickel cations. In contrast, strain ST3 did not hydrolyze urea. According to the phenotypic assay, we failed to amplify from the strain ST3 ureC gene, which encodes the alpha subunit protein containing the active site and conserved nickel binding ligands of the urease complex. In contrast, a PCR fragment of the expected length was obtained from the 
FIG. 3. Antagonistic exclusion activity of bacterial pharyngeal isolates against bioluminescent Streptococcus pyogenes C11
LucFF on FaDu hypopharyngeal carcinoma cells (A) and HaCaT keratinocytes (B). Data reported as percent variation of light emission, which referred to the cell layer treated with only PBS buffer before incubation with S. pyogenes. Numerical results are given as arithmetic means Ϯ standard deviations. Each sample was processed in triplicate in at least two independent experiments. Strains belonging to species S. salivarius are indicated in boldface. Statistically significant differences compared to strain K12 were calculated according to an unpaired Student's t test ( ** , P Ͻ 0.001; * , P Ͻ 0.05).
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DISCUSSION
Upper respiratory tract infections (URTIs) are the most frequent reason for a visit to a pediatrician, and Streptococcus pyogenes is a major cause of acute pharyngeal infections, especially in children 5 to 12 years of age (12) . At present, the treatment of acute bacterial pharyngitis consists of the administration of broad-spectrum antibiotics. These have been estimated to be prescribed in as high as 90% of the pediatric visits for URTIs. A probiotic strategy effective in the prophylaxis of pharyngitis, therefore, could provide a significant social benefit.
In accordance with this objective, in this study we aimed to select oral bacteria with potential probiotic features for the pharyngeal mucosa. We included bacteria newly isolated from the pharynges of healthy donors. Potentially, pharyngeal isolates could, in fact, display better performances in the colonization of the oral ecosystem than traditional dairy or intestinal probiotic bacteria.
In this research, half of the pharyngeal isolates were ascribed to the species Streptococcus salivarius (28 out of 56 isolates), in accordance with previous studies showing these bacteria to be the dominant cultivable species in the oropharyngeal tract (24) . Nonpathogenic streptococci are the bacteria most largely present at the oropharyngeal level, and they have been proposed to exert a key role in the protection against pathogenic agents, which cause inflammation and infections (39) . In particular, Streptococcus salivarius already becomes a stable colonizer of the oral microbiota a few days after birth and represents, in adults, the major species at the levels of the pharyngeal mucosa and dorsal tongue.
The main criterion we adopted for the selection of potential pharyngeal probiotics was the ability to antagonize Streptococcus pyogenes on human epithelial cell layers. The experimental system set up during this study consisted of the use of a recombinant S. pyogenes strain, expressing a firefly luciferase. Since luciferase catalyzes a bioluminescent reaction that depends stoichiometrically on ATP, the measurement of light production, after addition of the substrate D-luciferin, is dependent on both the number and the metabolic state of bacterial cells.
We also included in this part of the study immortalized HaCaT cells that have been reported to retain many characteristics of the human keratinocytes from which they were originally derived (7) . Keratinocytes are, in fact, a constitutive part of the stratified oral epithelium and represent a primary target of adhesion for invading S. pyogenes cells (1, 14) . In exclusion experiments, the ability of the tested bacteria to antagonize S. pyogenes was found to be strain specific. In fact, the most active strains on both of the epithelial layers were S. salivarius RS1 and ST3, while strain SM12, belonging to the same species, was unable to antagonize S. pyogenes.
Adhesion experiments performed on the FaDu cell layer can give a partial explanation of the strong antagonizing activity displayed by S. salivarius ST3 and RS1 (Fig. 3) . Strains ST3 and RS1, in fact, adhered efficiently to the epithelial layer (Fig. 2) . It can be hypothesized, therefore, that the competition for adhesion sites is a major mechanism through which these bacteria antagonize S. pyogenes on FaDu cells.
One mechanism of action of probiotics is suggested to be their modulation of host immune responses. In a recent study, Cosseau and collaborators showed that the oral probiotic S. salivarius K12 can induce in vitro anti-inflammatory responses in epithelial cells, indicating a potential promotion of cellular health and homeostasis (11) . In that study, after coculture of human bronchial epithelial cells (16HBE14O-cells) with strain K12, they observed an inhibition of the baseline secretion of the chemokine IL-8, in coincidence with the inhibition of the activation of the NF-B pathway (11). In our study, the immunomodulatory properties of S. salivarius K12, RS1, and ST3 were tested on a FaDu layer by means of ELISA quantification of 17 secreted cytokines.
Subsequently, in order to elucidate the possible mechanisms involved in the effects on cytokine production, we studied the modulation of NF-B activation.
In these experiments, none of the tested strains exhibited potential proinflammatory effects, suggesting that they could be well tolerated by human epithelial cells in vivo. This statement is consistent with the induced reduction of baseline TNF-␣ secretion, which was observed with all tested strains. In (40) . Cytokine secretion and modulation of NF-B activity by selected bacteria were also tested on FaDu cells stimulated with IL-1␤, a prototypical proinflammatory cytokine that plays a central role in the inflammation amplification cascade. After stimulation by IL-1␤, we observed that, at an MOI of 1,000, strains K12, RS1, and ST3 reduced the NF-B activation in a statistically significant manner, while the other conditions tested had no significant effect. The stimulatory activity of RS1 and ST3 bacterial cells on NF-B activation was, therefore, eliminated in the presence of the inflammatory stimulus due to IL-1␤. Similarly, it is noteworthy that in IL-1␤-treated FaDu cells, S. salivarius strains can considerably reduce IL-6 and IL-8 secretion, suggesting their potential anti-inflammatory activity.
Recently, the European Food Safety Authority (EFSA) assigned a "Qualified Presumption of Safety" (QPS) status (15) to several lactic acid bacterial species, including Streptococcus thermophilus but not Streptococcus salivarius. In Europe, S. salivarius belongs to risk group 2 (like S. pyogenes or S. pneumoniae), while the very closely related Streptococcus species S. thermophilus, S. uberis, and S. vestibularis (32) belong to risk group 1. Presumably, S. salivarius is considered an opportunistic pathogen because, as with many food-grade lactobacilli, there have been sporadic reports of infections, generally in subjects under adverse medical conditions (2, 3, 10) . Quite the opposite, in other parts of the world, S. salivarius has already acquired the status of safe microorganism and has been commercialized for several years as a probiotic without any re- ported adverse consequences (9) . In the light of the abovementioned facts, the optimal strategy to assess the safety of S. salivarius would be considering every specific strain independently, in accordance with FAO/WHO guidelines on probiotics (17) , as has been done for S. salivarius strain K12 (9, 11) . From this perspective, the absence of transmissible antibiotic resistances is considered a key safety prerequisite for the selection of a probiotic microorganism (15, 17) . In this study, S. salivarius strains, according to the EFSA breakpoints suggested for S. thermophilus, resulted in sensitivity to a variety of antibiotics that are routinely used for the control of URTIs. Differently, they showed resistance exclusively to the aminoglycosidic antibiotics gentamicin, kanamycin, and streptomycin, for which an intrinsic resistance is known for several lactic acid bacteria (10, 16, 21, 30) . Another bacterial feature that exerts an important role in the interaction with the human host is urease activity. Ammonia production from ureolysis in saliva and crevicular fluids is, in fact, a primary source of amino nitrogen and is thought to inhibit the initiation and progression of dental caries by reducing acidity (26, 33) . At the same time, a high concentration of ammonia can have deleterious effects on host cells (19) , such as fibroblasts and polymorphonuclear leukocytes, and may therefore contribute to tissue damage (19) . Among the species of oral bacteria that have been identified as ureolytic, S. salivarius is known to produce high levels of urease (37) . Unexpectedly, S. salivarius strain ST3, selected for this work for its potential probiotic properties, was unable to hydrolyze urea. Accordingly, the gene coding for the main subunit of the urease complex (ureC) was missing. In the consideration of its use as the pharynx's probiotic, this bacterium would interact directly with oropharyngeal mucosae and tonsil crypts. Therefore, the inability to hydrolyze urea could be of potential benefit in preserving the host's mucosal cells from ammonia injury.
In summary, during this research, an in vitro rational process led us to select two potential probiotic bacterial strains for the pharynx mucosa. These bacteria efficiently adhered to human epithelial pharyngeal cell lines, antagonizing the adhesion of Streptococcus pyogenes. Furthermore, immunological tests suggested a good degree of adaptation to the host and potential immunomodulatory and anti-inflammatory abilities by selected commensal streptococci. Future work will aim to characterize the probiotic potential of these bacteria in the oral tract by means of in vivo murine models of upper respiratory tract infections.
